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Ammonia (NH3) deposition in natural areas is a pollution problem that is suited for spatially differen-
tiated pollution control. The heterogeneous impact of nitrogen deposition from airborne ammonia
emissions could serve as the basis for differentiated policy measures. Maps were developed that show
the potential impact of ammonia emissions on protected Natura 2000 sites in Flanders, Belgium. These
maps link the output of atmospheric dispersion and deposition models with data on the nitrogen
sensitivity of protected habitats in the Natura 2000 network. The maps demonstrate that the indicator
used for impact assessment is a crucial factor in the design of the spatially differentiated policy. The
currently used impact indicator in Flanders, the Signiﬁcance Score, was compared with the Aggregate
Deposition Score, an alternative that is a better reﬂection of the total damage caused by airborne
ammonia emissions in nearby Natura 2000 sites. Both indicators are based on the ratio of ammonia
deposition to the critical load of nitrogen of the impacted habitat. Spatial effects related to the choice of
impact indicator were evaluated. The results indicate that the choice of impact indicator has a decisive
role in the geographical outcome of spatially differentiated policies.
© 2017 Elsevier Ltd. All rights reserved.1. Introduction
Emissions of nitrogen oxides (NOX) and ammonia (NH3) to the
atmosphere lead to eutrophying deposition (Erisman et al., 2013),
which causes an increased availability of nitrogen and subsequent).exclusion of species by more nitrophilic plants (Bobbink et al.,
1998). Atmospheric reactive nitrogen (Nr) also has direct impacts
on vegetation diversity, through foliar damage and susceptibility to
secondary stress (Bobbink et al., 1998). In Flanders, Belgium, 59% of
the total eutrophying deposition is attributable to NH3, 32% to NOX
and the remaining 9% to Dissolved Organic Nitrogen (DON)
(Vlaamse Milieumaatschappij, 2016). In the EU-28 (the 28 member
states of the European Union), agriculture is responsible for 94% of
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road transport (39%), energy production and distribution (20%) and
commercial institutions and households (14%) (European
Environment Agency, 2016). In order to reduce the harmful ef-
fects of Nr on biodiversity, it is crucial to control emissions of ni-
trogen compounds to the atmosphere (Bobbink et al., 1998).
Between 1990 and 2014, the total emissions of NH3 in the EU-28
decreased by 24% (European Environment Agency, 2016). In the
same period, NOX emissions decreased by 55% (European
Environment Agency, 2016). On a global scale, emissions of Nr are
expected to increase in the next decades, driven by the dominant
contribution of agricultural NH3 emissions (Fowler et al., 2013). In
northwest Europe, the agricultural activities that have the largest
share in total ammonia emissions are livestock housing and
manure application (Velthof et al., 2015). Along with sulfur dioxide
(SO2) and NOX, ammonia also contributes to the formation of sec-
ondary particulate matter (PM) (Bauer et al., 2016). A reduction of
ammonia emissions by 50% would lead to a 24% reduction of the
total PM2.5 (particulate matter with a diameter of 2.5 mm or less)
concentrations in northwest Europe (Backes et al., 2016).
Because of the local deposition behavior of reduced nitrogen
compounds, emission sources that are situated close to protected
areas have a higher environmental impact than sources that are not
(Loubet et al., 2009). In order to assess the impact of deposition on
ecosystems, the concept of critical loads is used. The critical load is
deﬁned as a level of deposition below which no signiﬁcant harmful
effects on the environment are expected according to current
knowledge (Ferm, 1998). More than half of the European terrestrial
ecosystems suffer from an exceedance of the critical load for
eutrophication (European Environment Agency, 2014). Designing
appropriate policy measures to deal with this problem is not
straightforward, as NH3 emissions originate from different hot spot
areas and point sources (Loubet et al., 2009). The European Habitats
Directive (92/43/EEC) aims to conserve a wide range of rare,
threatened or endemic animal and plant species, through the
establishment of the Natura 2000 ecological network of protected
areas known as Special Areas of Conservation (SACs) (Council of the
European Union, 1992). Article 6 of the Habitats Directive states
that further deterioration of Natura 2000 sites should be avoided,
while new plans and projects can only be authorized after having
ascertained that they will not adversely affect the integrity of the
concerned site (Council of the European Union, 1992). This has
important implications for the granting of permits to nitrogen
emitting installations, such as livestock farms, in the immediate
vicinity of protected Natura 2000 sites, given that they have a high
contribution to the deposition in these sites (Schoukens, 2017).
In order to enable preservation and restoration of protected
habitats, complying with the European Habitats Directive without
impeding economic development, Flanders (Belgium) established a
Programmatic Approach to Nitrogen (Schoukens, 2017). The aim is
to reduce emissions and the effect of nitrogen deposition in Natura
2000 sites at the same time. In that way, development space for
additional emissions at other locations is created, while preserva-
tion and restoration of protected habitats is still possible
(Schoukens, 2017). An important aspect of this programmatic
approach is the assessment of the impact of individual emission
sources on Natura 2000 sites. The assessment is based on the
critical habitat cell, which is deﬁned as the place where (1) the total
nitrogen deposition is higher than the critical load and (2) where
the ratio of the source-attributable deposition to the critical load is
the highest (Cools et al., 2015). The obtained ratio is called the
Signiﬁcance Score. Depending on the signiﬁcance score, projects
are subdivided in three signiﬁcance classes (>50%, 5e50% and<5%),with characteristic permitting conditions (Lefebvre and Deutsch,
2015; Agentschap voor Natuur en Bos, 2017). In the current phase
of the Programmatic Approach to Nitrogen, applicable until 2019,
no environmental permit can be granted for projects that result in
more than 50% of the deposition in the critical habitat cell. For
projects that have a Signiﬁcance Score of 5e50%, the standstill
principle applies: the permit can only be renewed if the NH3
emissions do not increase compared to the original situation
(Agentschap voor Natuur en Bos, 2017). Projects with a Signiﬁcance
Score lower than 5% are not considered signiﬁcant in case of permit
renewal (Agentschap voor Natuur en Bos, 2017). Relatively few
livestock farms in Flanders have a moderate to high Signiﬁcance
Score (>5%). However, farms with a Signiﬁcance Score lower than
5% are responsible for 77% of the total deposition attributable to
stable emissions (Cools et al., 2015). This highlights that, next to
spatially differentiated measures, general emission reductions are
still required (Cools et al., 2015).
Ammonia deposition has major effects on a local scale (Hertel
et al., 2013). Emission and receptor areas are often close to each
other, giving rise to a high spatial variability of ammonia deposition
impacts (Sutton et al., 1998). Careful planning of the location of
emission sources provides a practical way of avoiding adverse im-
pacts of ammonia emission on nearby protected areas (Vogt et al.,
2013). In this paper, we developed two maps that show the po-
tential impact of ammonia emissions on Natura 2000 sites in
Flanders, Belgium. The analysis is limited to the impact of deposi-
tion in natural areas. The impact of secondary particulate matter
formation is not taken into account in this study. The ﬁrst map
shows the deposition impact based on the currently used impact
indicator in Flanders, the Signiﬁcance Score. The other map shows
the impact based on an alternative impact indicator, the Aggregate
Deposition Score. The impact maps visualize the development
space around Natura 2000 sites. They demonstrate at which loca-
tions ammonia emissions would cause the most harm in protected
natural areas, making the maps useful for spatially differentiated
pollution control. Furthermore, the differences between the two
maps highlight that the indicator used for impact assessment de-
termines the geographical outcome of spatially differentiated
policies.
2. Methods
2.1. Study area
The study is conﬁned to Flanders, situated in northwest Europe
and one of the three ofﬁcial regions of Belgium (Fig. 1a). Flanders is
one of the most densely populated regions of Europe, with a pop-
ulation of about 6.5 million inhabitants for a total surface area of
13 522 km2 (Statistics Belgium, 2016). The total surface area of
Natura 2000 sites protected by the Habitat Directive in Flanders is
105 022 ha, accounting for about 7.8% of the total area of Flanders
(Fig. 1b) (Instituut voor Natuur-en Bosonderzoek, 2016). The Natura
2000 sites are highly dispersed, with many small areas spread
across Flanders and bigger areas mainly conﬁned to the East of the
region. The average nitrogen deposition in Flanders was 23.9 kg N
ha1 in 2015, with NH3 accounting for 59% of the deposition
(Vlaamse Milieumaatschappij, 2016). In more than 80% of the
natural areas in Flanders, the N deposition was higher than the
critical load in 2015 (Vlaamse Milieumaatschappij, 2016). Flanders
is a region with highly concentrated and input-intensive animal
production (Van der Straeten et al., 2010; Willeghems et al., 2016),
and is among the regions in Europe that is most affected by at-
mospheric nitrogen deposition (Staelens et al., 2012).
Fig. 1. Study area. (a) Location of Flanders, Belgium in Northwestern Europe, (b) Natura 2000 sites in Flanders.
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In order to develop the impact maps for Flanders, we integrated
information from habitat maps with output from atmospheric
dispersion models VLOPS (Flemish Operational Priority Substances
model) and IFDM (Immission Frequency Distribution Model). An
overview of the modeling framework is given in Fig. 2. The details
of the calculation are outlined in subsequent sections. The core of
the impact map calculation are two source-receptor matrices
(SRMs) calculated with IFDM, for respectively dry deposition and
wet deposition. A SRM consists of deposition estimates around a
central emission source (Loonen et al., 2006). The SRMs allow to
calculate deposition and critical load exceedances for different
ammonia emission characteristics (emission strength) and receptor
characteristics (deposition velocity), based on standard matrix-
vector operations (Loonen et al., 2006). The SRMs have a resolu-
tion of 100 m. The location and critical load of all Natura 2000 sites
in Flanders were obtained from a habitat map of the FlemishFig. 2. Overview of impact map calculation, using a simple example wAgency of Nature and Forestry (Agentschap voor Natuur en Bos,
2015), also with a resolution of 100 m. The VLOPS model was
used to determine the ammonia deposition velocity and the total
nitrogen deposition at receptor area. We used VLOPS model results
calculated with a resolution of 1000 m, the current default and
highest available resolution for the whole of Flanders. To calculate
the impact maps, the SRMs were moved along a regular grid of
ﬁctitious emission sources, with a resolution of 500 m. This reso-
lution is sufﬁcient for our objectives, i.e. to have an idea of the
potential impact of ammonia emissions on Natura 2000 sites and to
assess the spatial outcome of the impact indicators. A higher res-
olution would have meant considerably higher computational re-
quirements, without providing much additional information.
The SRMs are modeled with emission characteristics that
represent ammonia emissions from animal housing. Therefore, the
impact maps represent the potential impact of animal housing
emissions on Natura 2000 sites in Flanders. Seasonal variations in
temperature, wind direction and speed, precipitation andith a receptor area of 1 ha D: Receptor area.  : emission source.
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IFDM. Because we used one Source-Receptor Matrix for the whole
of Flanders, one set of meteorological data, including wind distri-
bution, was used for the whole region. The emission rate used to
calculate the IFDM source-receptormatrix is constant (8784 kg NH3
yr1). Therefore, diurnal variations that affect the ammonia vola-
tilization rate are not taken into account.
2.3. IFDM source-receptor matrix
The SRMs were obtained by modeling a point source with an
emission strength of 8784 kg NH3 yr1(1 kg h1 for a leap year)
using the atmospheric dispersion model IFDM (European Topic
Centre on Air and Climate Change, 2006). IFDM is a bi-Gaussian
transport and dispersion model based on dispersion parameters
estimated by Bultynck and Malet (1972). IFDM is used for envi-
ronmental assessment procedures in Flanders. There is an hourly
time step in IFDM, meaning that the model takes into account
hourly variations in wind speed, wind direction and atmospheric
conditions. Themodeled point source is located at coordinates (0,0)
and has a height of 5 m. No plume rise is assumed. These source
characteristics represent animal housing emissions. The SRMs
consist of dry and wet deposition estimates (kg N ha1 yr1) for
every point in a square area from coordinates (20000,20000) to
(20000, 20000), with a resolution of 100 m, using a ﬁxed dry
deposition velocity of 0.88 cm s1. The input meteorological data
come from a weather station in Luchtbal (Antwerp) for the year
2012, and are considered to be representative for the whole of
Flanders. To calculate the deposition on position (X,Y), based on the
SRM, the following equation is used:
TDX;Y ¼

Q
8784



VdX;Y
0:88

DDX;Y þWDX;Y

(1)
with TD being the total deposition (kg N ha1 yr1), DD the dry
deposition from the SRM (kg N ha1 yr1), WD the wet deposition
from the SRM (kg N ha1 yr1), Q the emission strength (kg NH3
yr1), and vd the dry deposition velocity (cm s1) speciﬁc for the
location. The constants in the equation are the standard values used
to calculate the source receptor matrix (emission strength of
8784 kg NH3 yr1 and dry deposition velocity of 0.88 cm s1). We
assume that the dry deposition scales linearly with the emission
strength and the dry deposition velocity. This approach offers a
valuable ﬁrst order approximation. This approach is used in Flan-
ders as a provisional deposition scan and could thus give a farmer
an indication of possible signiﬁcant impacts on Natura 2000 sites
before he actually applies for an environmental permit.
2.4. Protected habitats
In this study, the potential impacts of agricultural ammonia
emissions on protected habitats in Flemish Natura 2000 sites are
determined. For this purpose, we used a habitat map which con-
tains the currently present habitat types, the additional areas
where the habitat types are anticipated and the provisional search
areas. These search areas are perimeters that are reserved for an
individual Special Area of Conservation and/or protected species
(Cools et al., 2015). The search areas are still subject to change, in
contrast to the additional areas. Every habitat type is characterized
by a speciﬁc critical load, expressing the sensitivity of the habitat
for nitrogen deposition (Dobben et al., 2012). We used map version
2, d.d. 14/09/2015 (Agenschap voor Natuur en Bos, 2015). The map
consists of irregularly shaped polygons, which we converted to
square cells of 1 ha. In that way, we obtained amapwith 116 023 ha
protected habitat cells, each characterized by a speciﬁc critical load.2.5. VLOPS
VLOPS is the Flanders-speciﬁc version of OPS (Operational Pri-
ority Substances model), an atmospheric dispersion model that is
developed by the Dutch National Institute for Public Health and the
Environment (Sauter et al., 2016). VLOPS calculates concentrations
and depositions based on emission data from a large area using a
mixed Lagrangian-Gaussian transport model. VLOPS models con-
centrations, ﬁrst-order chemical reactions for aerosol formation
and wet- and dry deposition processes. For wet deposition, both in-
cloud and below-cloud processes are approximated. For the dry
deposition, a speciﬁc module called DEPAC is used that takes into
account the bidirectional nature of the deposition. The emission
data correspond to ammonia emission sources from both within
and outside the borders of Flanders. The model takes into account
more than 45 emission categories, including animal housing and
fertilizer spreading, considering typical diurnal variations for these
emission categories. Next, VLOPS uses meteorological statistics and
data on the receptor area as an input. To keep computation times
feasible, a meteorological pre-processor calculates statistics for
transport trajectories of various distances, thereby taking atmo-
spheric stability and other parameters into account. These statistics
are typically calculated by the pre-processor for an entire year
based on hourly meteorological data. The VLOPS model results
calculated from these statistics have a time resolution of yearly
totals and averages.
We used the VLOPS model for two purposes. Firstly, VLOPS was
applied to generate a nitrogen depositionmap of Flanders, based on
emission data of the year 2013 and meteorological data of the year
2015. This map was then used for identifying receptor cells where
the nitrogen deposition is higher than the critical load, one of the
two requirements for identifying the critical habitat cell for emis-
sion sources. Next, we also used VLOPS to calculate dry deposition
velocities for all receptor cells. These dry deposition velocities (vd)
were used to calculate the total deposition with Eq. (1). The
deposition velocity (expressed in cm s1) was determined for the
center of each hectare cell. The dry deposition velocity depends,
among others, on the roughness length and type of vegetation
(Sauter et al., 2016). Given the limited resolution of the available
VLOPS model results, the obtained dry deposition velocities are
actually the average for a square of 1 km2 around the receptor
point, and thus depend on land use and roughness length of an area
much bigger than the receptor cell itself (1 km2 compared to 1 ha).2.6. Impact map calculation
Impact maps show what the impact would be if ammonia
emissions would occur at a certain location. Because the maps
cover the whole of Flanders, we have to carry out impact calcula-
tions for points covering the whole region. For every point (emis-
sion source), the impact of ammonia emissions on surrounding
Natura 2000 sites (receptor cells) is calculated, after which an
impact indicator is assigned to each of the source points. We made
two impact maps, one showing the Signiﬁcance Score based on the
Critical Habitat Cell, the other showing the Aggregate Deposition
Score as a measure of the aggregate ammonia deposition caused by
the emission. The receptor layer consists of the 116 023 receptor
cells of 1 ha, each with a characteristic critical load and dry depo-
sition velocity. The emission source layer consists of points on a
regular grid, with a resolution of 500 m. The layer consists of
109 088 source points in total, covering the whole of Flanders. To
obtain impact maps with a resolution of 500 m, we applied the
following steps for each of the source points:
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subtracted from the X- and Y-coordinates of the source
points, with all coordinates expressed as Lambert co-
ordinates (EPSG:31370). In that way, receptor points have
coordinates that refer to their relative position to the origin
(the source point).
(2) The receptor points that fall within the IFDM source-receptor
matrix are retained.
(3) The total deposition is calculated for every receptor point
within the IFDM source-receptor matrix, using Eq. (1), with a
Q ¼ 5000 kg NH3 yr1 and vd speciﬁcally determined with
VLOPS (see section 2.4).
(4) For every receptor point, an impact score is calculated, by
dividing the total deposition (TD) by the critical load (CL) for
that receptor point:
Impact Scoresource; receptor ¼ TDsource;receptorCLReceptor
(2)(5) The Aggregate Deposition Score for the source is calculated
by adding the impact scores of all receptor points:
Aggregate Deposition ScoreSource ¼
X
receptor
TDsource;receptor
CLReceptor
(3)
The Signiﬁcance Score is determined by taking the maximum
impact score of all receptor points for which the total nitrogen
deposition (calculated with VLOPS) is bigger than the critical load,
expressed as a percentage.Significance ScoreSource ¼ max

TDsource;receptor
CLReceptor

*100%with Total Nitrogen DepositionReceptor >CLReceptor (4)The resulting dataset, with characteristic pairs of coordinates,
Aggregate Deposition Score and Signiﬁcance Score, is consequently
converted to raster maps of the Signiﬁcance Score and the Aggre-
gate Deposition Score.
2.7. Comparing impact indicators on the regional scale
To assess the correlation between the Aggregate Deposition
Score and the Signiﬁcance Score, ordinary least square (OLS)
regression was used. The regression residuals were subsequently
mapped, to identify regions that are more strictly regulated by the
currently used impact indicator (Signiﬁcance Score), compared to
the alternative indicator (Aggregate Deposition Score). To estimate
towhat extent the impact indicators are spatially dependent, global
spatial autocorrelation of the impact indicators was evaluated using
the Global Moran's I test (Moran, 1948). The value of Moran's I
ranges from 1 to 1. A negative value indicates that neighboring
data points tend to have values that are different to each other,
while a value approaching zero indicates that neighboring points
have random values (Grieve, 2011). A positive value indicates that
neighboring raster cells tend to have similar values (Grieve, 2011).
To calculate spatial autocorrelation, observations that are close in
space are given greater weight than observations that are more
distant from each other. This is accomplished with a spatial
weighting matrix (Odland, 1988). We used a binary spatial
weighting function that only takes the values of 4 neighboringraster cells (to the North, East, South and West) into account, with
every value given equal weight.
2.8. Comparing impact with emission
We compared the Aggregate Deposition Score map with actual
emission data, in order to identify the regions in Flanders where
ammonia emission causes the greatest damage in terms of depo-
sition in Natura 2000 areas, i.e. the locations where the actual
emissions multiplied by the Aggregate Deposition Score are the
highest. We start from the same emission data as the ones that are
used for VLOPS. These data cover the emissions for the year 2012,
not only for Flanders, but also the neighboring regions. We selected
the emissions from within Flanders. These data are expressed in g
NH3 s1 and are aggregate per square of 1 km2. We aggregated and
converted the data to mean emission for each of the 308 Flemish
municipalities (the smallest administrative subdivisions in Flan-
ders), expressed in kg NH3 km2 yr1. The average Aggregate
Deposition Score per municipality was also calculated. By multi-
plying the mean emission with the mean Aggregate Deposition
Score, a Deposition Damage score was obtained per municipality.
By mapping this score, policy makers can readily identify munici-
palities were ammonia emissions appear to be worst in terms of
impact on Natura 2000 sites.
3. Results
3.1. Impact maps
The impact maps showing the Signiﬁcance Score (Eq. (4)) andthe Aggregate Deposition Score (Eq. (3)) are shown in Fig. 3 and
Fig. 4 respectively. Zones where an emission of 5000 kg NH3 yr1
would be considered relevant (Signiﬁcance Score >5%) are conﬁned
to the vicinity of protected habitats. The red zone (Signiﬁcance
Score >50%) is limited to areas immediately next to the Natura
2000 sites. The Signiﬁcance Score assures protection of every
Natura 2000 site, as all sites are surrounded by a red and orange
band, even the sites that are relatively small. Because there are
more Natura 2000 sites in the Eastern part of Flanders, with on
average also more sensitive habitats (lower critical loads) such as
heathland (Cools et al., 2015), the total share of orange and red
zones is bigger in the East. Nevertheless, there is still a considerable
share of development space (Signiﬁcance Score <5%) left, even in
this relatively nature-rich region.
Because the Aggregate Deposition Score (Fig. 4) shows the
aggregate impact on all protected habitats within the deposition
plume of a source, this indicator exhibits a striking pattern of lower
Aggregate Deposition Scores in the Western half of Flanders and
considerably higher scores in the East. Although the Aggregate
Deposition Score illustrates the total deposition impact of a source,
and thus the total damage on protected Natura 2000 sites, using
this indicator in the assessment of permit application could induce
a geographical shift of livestock production from the East to the
West. Additionally, the protection of isolated and small protected
sites is less assured with the Aggregate Deposition Score compared
to the Signiﬁcance Score. Aggregate Deposition Scores of emission
Fig. 3. Impact map showing the Signiﬁcance Score, subdivided in the 3 impact classes currently used in Flanders. Protected habitats are shown in black. Resolution of 500 m. Source
strength 5000 kg NH3 yr1, source height 5 m.
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lower, because less receptors are summed up in the calculation (Eq.
(3)). If the permitting systemwould assess the impact of emissions
based solely on the Aggregate Deposition Score, small isolated areas
would be less protected than in the current assessment based on
the Signiﬁcance Score.
3.2. Residual map
To compare both type of impact indicators, we performed Or-
dinary Least Square regression (slope 3.891, intercept 13.47, R2
0.715). The indicators don't exhibit a perfect linear relationship,
because the indicators highlight different aspects of damage to
Natura 2000 sites. The Signiﬁcance Score reﬂects the locally
maximal impact, while the Aggregate Deposition Score is an indi-
cator of the total damage in the deposition plume up to 20 km
distance. More relevant than assessing the linear relationship be-
tween the indicators as such, are the spatial patterns in theFig. 4. Impact map showing the Aggregate Deposition Score. Protected habitats are shownresiduals. The mapping of the residuals of the OLS regression
(Fig. 5a) can identify regions that are more strictly regulated by the
Signiﬁcance Score compared to the Aggregate Deposition Score.
Red zones correspond to negative residuals, or places where the
Signiﬁcance Score is lower than what is expected by the linear
model. These areas would experience stricter regulation if policy
makers would switch to the Aggregate Deposition Score as impact
indicator. This is clearly the case for the areas surrounding the
bigger, concatenated Natura 2000 sites in the Eastern part of
Flanders (provinces of Antwerp and Limburg). The biggest part of
Flanders has a slightly positive residual (light blue), indicating less
strict regulation in the case of the use of the Aggregate Deposition
Score. If we take a closer look at different Natura 2000 sites, we can
observe the difference between the two indicators on a local scale.
For a small Natura 2000 site in the West of Flanders (Fig. 5b), the
residuals are always positive, stressing the fact that the Aggregate
Deposition Score fails to protect small, isolated Natura 2000 sites.
For a very fragmented Natura 2000 site (Fig. 5c), the situation canin black. Resolution of 500 m. Source strength 5000 kg NH3 yr1, source height 5 m.
Fig. 5. Map of the OLS residuals. Resolution of 500 m. Red zones are locations where the Signiﬁcance Score is lower than predicted by the model. Blue zones are locations where the
Signiﬁcance Score is higher than predicted by the model. (a) Flanders, Belgium. (b) Part of the Natura 2000 site “Forests and heathland of sandy Flanders: Eastern part”, in the
province of East-Flanders. (c) Part of the Natura 2000 site “Estuary of Scheldt and Durme, from the Dutch border to Ghent”, in the province of East-Flanders. (d) Natura 2000 site
“Valley and source area of the Zwarte Beek, Bolisserbeek and Dommel, with heathland and fens”, in the province of Limburg. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
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fragments having a negative residual, while areas right next to the
sites have a positive residual. In general, areas in very close prox-
imity to the protected site or within the site itself have a (very)
positive residual, indicating a Signiﬁcance Score that is much
higher than what is predicted by the OLS regression model. This is
not surprising, because in these cases, the emission source is situ-
ated right next or even within its critical habitat cell, resulting in a
very high Signiﬁcance Score. For a vast Natura 2000 site in the East
of Flanders (Fig. 5d), the residuals are highly negative (deep red),
except for grid cells right next or overlapping with the protected
habitat. This indicates that the Aggregate Deposition Score would
be a stricter indicator for all farmers in this area, given that permit
application for a livestock farm in the protected site itself is not
allowed at all.3.3. Spatial autocorrelation
The spatial dependency of the Aggregate Deposition Score and
Signiﬁcance Score was analyzed with spatial autocorrelation anal-
ysis. The results of the Global Moran's I (Table 1) indicate signiﬁ-
cantly positive global spatial autocorrelation for both impact
indicators. This is in line with the expectation that the value in one
raster cell is correlated with the values in the cells directly to the
North, East, South andWest of that cell. However, the global spatialTable 1
Global Spatial Autocorrelation Results (one-sided Global Moran's I test).
Variable Mean Global Moran's I z-score p-value
Aggregate Deposition Score 5.902 0.957 397.71 <2.2 * 1016
Signiﬁcance Score 14.434 0.744 309.09 <2.2 * 1016autocorrelation (Global Moran's I) is considerably higher for the
Aggregate Deposition Score than for the Signiﬁcance Score. This
difference in extent of spatial autocorrelation might have policy
implications. A higher spatial autocorrelation means that neigh-
boring farmers are experiencing a similar level of strictness
regarding the impact evaluation of their ammonia emissions,
which possibly has an inﬂuence on compliance and perceived
fairness of the imposed policy. The higher spatial autocorrelation of
the Aggregate Deposition Score could therefore increase the social
acceptability of the policy compared to the Signiﬁcance Score.3.4. Comparing impact with emissions
To locate the regions where current levels of ammonia emission
cause the most problems concerning nitrogen deposition in Natura
2000 sites, the emissions aggregate on municipality level were
compared with the mean Aggregate Deposition Score on munici-
pality level. By multiplying the mean emission (Fig. 6a) with the
mean aggregate deposition (Fig. 6b) on municipality level, a map of
the Deposition Damage per municipality in Flanders, Belgium was
obtained (Fig. 6c). This map doesn't show the damage occurring
within the municipality, but rather the damage caused by emis-
sions from within the municipality. The map showing the mean
emission (kg NH3 km2 yr1) on municipality level (Fig. 6a) high-
lights the two main regions in Flanders characterized by an abun-
dance of intensive livestock farms, namely the central part of the
province of West-Flanders in the West and the northern part of the
province of Antwerp in the Northeast. The mean Aggregate Depo-
sition Score on municipality level shows a remarkably different
pattern (Fig. 6b). The central part of West-Flanders contains few
protected Natura 2000 sites and is therefore characterized by low
mean Aggregate Deposition Scores. Multiplying the mean emission
Fig. 6. (a) Mean emissions, (b) Aggregate Deposition Score, and (c) Deposition Damage in the 309 municipalities of Flanders, Belgium.
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high Deposition Damage from emissions in this region (Fig. 6c). The
region where high emissions overlap with high Aggregate Depo-
sition Scores is the northeastern part of Flanders, indicating that
policy makers should prioritize their emission reduction efforts to
this region. However, the map also pinpoints individual munici-
palities with a high Deposition Damage caused by ammonia
emissions, despite the fact that they are not clustered with other
municipalities having a high Total Damage.4. Discussion
4.1. Methodological limitations and boundaries
Modeling limitations are inherent to all atmospheric dispersion
models (Simpson et al., 2011). If the imposed policy depends on the
outcome of atmospheric dispersion modeling, it is important to
stress both the presence and the extent of uncertainty on themodel
results. However, this study merely looks at the difference between
two impact indicators on a regional scale, to evaluate spatial effects
related to the choice of indicator. Therefore, a detailed uncertainty
analysis was omitted. The impact maps proposed here serve to
guide policy makers in prioritizing their efforts to certain prob-
lematic subregions. Furthermore, farmers could use these maps for
screening purposes, in order to have an a priori idea of the envi-
ronmental impact of their planned activity. For actually deciding on
the permit application of speciﬁc projects, more detailed atmo-
spheric dispersion modeling is required.A main limitation of this study is related to its scope. We only
looked at the impact of ammonia emissions on Natura 2000 sites
situated within the borders of Flanders. Taking cross-border
Natura 2000 sites into account would increase impact map in-
dicators for regions close to the border. However, because we
explicitly opted for Flanders, Belgium as the study area, we also
chose to limit the analysis to the impact on Natura 2000 sites
within Flanders. A second limitation relates to the modeling
methodology. We made use of only two IFDM source receptor
matrices representing the dry andwet nitrogen deposition around
the site, for reasons of limited computation time and simplicity. A
more accurate but cumbersome approach would be to calculate
the deposition for each source point with the VLOPS-model.
Because the IFDM SRMs were calculated for a single emission
source representing animal housing emissions, the resulting
impact maps are only representative for this type of emission. The
modeling approach with the source-receptor matrices could be
extended for additional type of emission source characteristics
(emission height, source strength and plume rise) and even for
other pollutants, such as NOX.
A third limitation is the fact that the meteorological data un-
derpinning the IFDM SRMs correspond to one location (Antwerp
Luchtbal) and one year (2012), assuming that these data are
representative for the average meteorological situation in the
whole of Flanders. Flanders is a relatively ﬂat region, with quite
similar weather over its territory. A single wind distribution has
been assumed before for air quality modeling in Flanders, and it has
been shown that the weather is reasonably similar over the
D. De Pue et al. / Atmospheric Environment 166 (2017) 120e129128territory (Lefebvre et al., 2013). However, if the study area would be
extended, multiple wind distributions should be used.
The impact indicators are highly dependent on the critical load
of the receptor cells. The critical load reﬂects the sensitivity of the
receptor cell to nitrogen deposition. Changes in these critical loads
are likely to cause big shifts in both the Signiﬁcance Score and the
Aggregate Deposition Score, because the critical load is in the de-
nominator of the impact indicator calculation (Eqs. (2)e(4)). When
the government would decide to change the habitat type in a
certain Natura 2000 area from relatively non-sensitive grassland
(critical load of 30 kg N yr1) to highly sensitive heathland (critical
load of 6 kg N yr1), any airborne ammonia emission source in the
environment would have a much higher impact in terms of depo-
sition in the Natura 2000 site. In the extreme case in which the
whole Natura 2000 site is changed from grassland to heathland, the
Signiﬁcance Score and the Aggregate Deposition Score could rise
ﬁvefold for emission sources that only affect the altered Natura
2000 site.
4.2. Advantages and disadvantages of the impact indicators
Policy makers can spatially differentiate their environmental
policy based on the (potential) impact of emissions. In this study,
we showed that the method to quantify this potential impact, the
choice of impact indicator, is of paramount importance for the
outcome of this spatially differentiated policy. In Flanders, the
contribution of the source to the critical load in the critical habitat
cell, expressed in percentage (the Signiﬁcance Score), is used (Eq.
(4)). However, different impact indicators could be considered, such
as the contribution to the critical load of the most sensitive habitat
cell (lowest critical load), the average contribution on all habitat
cells in the deposition plume or the number of cells where the
contribution to the critical load is above a certain threshold (Cools
et al., 2015). Here, we compared the Signiﬁcance Score with one
alternative impact indicator, the Aggregate Deposition Score (Eq.
(3)). This Aggregate Deposition Score has the advantage that it
takes thewhole impact on all protected habitat cells into account in
an aggregate score. In that way, it reﬂects the total deposition
damage costs caused by the emissions better than the Signiﬁcance
Score. Furthermore, the spatial autocorrelation of the Aggregate
Deposition Score is higher than for the Signiﬁcance Score, which
might be beneﬁcial for the social acceptance of imposed policies.
Previous research found that fairness considerations are important
when farmers are compensated for conservation measures taking
into account habitat heterogeneity (Ohl et al., 2008). Similar con-
siderations might apply to permitting constraints that differ
depending on location, although further research is needed to
conﬁrm this.
If the spatially differentiated policy is exclusively based on the
Signiﬁcance Score, farms close to sensitive habitats are alwaysmore
strictly regulated than farms that are further away from the pro-
tected site. However, this does not exclude that in some cases, the
more distant farm has a higher total impact, and thus causes higher
total damage costs, than the farm that is situated closer to the
protected site. The Signiﬁcance Score tends to put a lot of emphasis
on sources in immediate proximity of Natura 2000 sites. Exclusively
focusing on these farms is not effective, as farms with a Signiﬁcance
Score lower than 5% are responsible for 77% of the total deposition
coming from stable emissions in Flanders (Cools et al., 2015).
However, the impact map of the Aggregate Deposition Score (Fig. 4)
and the map of OLS residuals (Fig. 5) clearly show that the Aggre-
gate Deposition Score fails to protect smaller, isolated Natura 2000
sites. On the other hand, the Signiﬁcance Score guarantees that
certain deposition thresholds will not be exceeded, even in smaller
nature conservation areas. Furthermore, strict use of the AggregateDeposition Score as the only impact score could result in a
geographical shift of livestock production from the East of Flanders
to the already heavily burdenedWest or towardsmajor cities which
will be burdened by other negative aspects of livestock farming and
manure surpluses, such as odour nuisance (Blanes-Vidal et al.,
2012) and nitrate pollution (van Grinsven et al., 2015). A combi-
nation of the Signiﬁcance Score and the Aggregate Deposition Score
could be considered, to proﬁt from the beneﬁts of both indicators
while avoiding their drawbacks. The decision on the permit
granting of new ammonia-emitting projects could be based on an
impact calculation using the Aggregate Deposition Score, while a
Signiﬁcance Score threshold could still be used as a safeguard to
protect small, isolated Natura 2000 areas. We believe that
combining the two impact indicators would not involve higher
administration or monitoring costs, because both indicators are
calculated with the same atmospheric dispersion and deposition
models.4.3. Particulate matter formation
The impact indicators discussed here only concern the impact of
ammonia on protected nature through the process of eutrophying
deposition. However, ammonia also has a signiﬁcant contribution
to secondary particulate matter formation (Bauer et al., 2016;
Erisman and Schaap, 2004; Backes et al., 2016). Therefore, if one
exclusively focusses on the impact of ammonia on Natura 2000
sites, without taking into account its role in PM formation and the
resulting health impact, a geographical shift in emission aimed at a
decrease in impact on nature can result in an unintended increase
in health damage. Therefore, it might be useful to have an impact
indicator and impact maps for the health effects. Thesemaps would
show the impact of the process of secondary PM formation, with
population density as the receptor. These maps would complement
the maps that show the impact of eutrophying deposition, with
terrestrial ecosystems as the receptor. However, because secondary
particle formation is a rather time-consuming process involving
reactions with other gaseous compounds (Backes et al., 2016), the
location of the emission is of less importance for this problem. An
impact map for secondary PM formation from airborne ammonia
emissions would allow to visualize to what extent secondary PM
formation has a high spatial heterogeneity, and should therefore be
mediated with a spatially differentiated response by means of an
impact indicator.5. Conclusion
By mapping the potential total impact of ammonia emissions,
we visualized the high spatial variability of the impact of ammonia
on Natura 2000 sites in Flanders, Belgium. The impact maps
demonstrate at which locations ammonia emissions would cause
the most harm in Natura 2000 sites, making the maps useful for
spatially differentiated pollution control. By comparing the
currently in use Signiﬁcance Score with the alternative Aggregate
Deposition Score, strengths and weaknesses of both impact in-
dicators were revealed. They highlight that the choice of impact
indicator can have unintended spatial effects. The Signiﬁcance
Score neglects the total impact of ammonia emissions and focusses
on emissions in the immediate proximity of the protected sites,
offering protection of every habitat cell. The Aggregate Deposition
Score takes the total deposition impact in multiple habitats into
account, but fails to protect smaller sites. Furthermore, using it as
the only impact indicator could lead to undesirable geographical
shifts in livestock production.
D. De Pue et al. / Atmospheric Environment 166 (2017) 120e129 129Funding/Acknowledgements
The work of David De Pue is funded by the Special Research
Grant of Ghent University (BOF), Grant Agreement no. BOF15/DOC/
275.
References
Agenschap voor Natuur en Bos, 2015. Voorlopige Zoekzones Instandhoudingsdoe-
len Natura 2000 Versie 2 [WWW Document]. http://www.geopunt.be/
catalogus/datasetfolder/c1c4d674-f94a-42b8-a70d-098ddb0e9ced.
Agentschap voor Natuur en Bos, 2017. PAS Beslissing Van 30/11/2016 [WWW
Document]. Nat. 2000 Vlaanderen. https://www.natura2000.vlaanderen.be/
pas-beslissing-van-30112016.
Agentschap voor Natuur en Bos, 2015. Passende Beoordeling Praktische Wegwijzer
Effectgroepen Voor Het Habitatspoor.
Backes, A.M., Aulinger, A., Bieser, J., Matthias, V., Quante, M., 2016. Ammonia
emissions in Europe, part II: how ammonia emission abatement strategies
affect secondary aerosols. Atmos. Environ. 126, 153e161. http://dx.doi.org/
10.1016/j.atmosenv.2015.11.039.
Bauer, S.E., Tsigaridis, K., Miller, R., 2016. Signiﬁcant atmospheric aerosol pollution
caused by world food cultivation. Geophys. Res. Lett. 1e7. http://dx.doi.org/
10.1002/2016GL068354.
Blanes-Vidal, V., Suh, H., Nadimi, E.S., Løfstrøm, P., Ellermann, T., Andersen, H.V.,
Schwartz, J., 2012. Residential exposure to outdoor air pollution from livestock
operations and perceived annoyance among citizens. Environ. Int. 40, 44e50.
http://dx.doi.org/10.1016/j.envint.2011.11.010.
Bobbink, R., Hornung, M., Roelofs, J.G.M., 1998. The effect of air-borne nitrogen
pollutants on species diversity in natural and semi-natural European vegeta-
tion. J. Ecol. 86, 717e738.
Bultynck, H., Malet, L.M., 1972. Evaluation of atmospheric dilution factors for ef-
ﬂuents diffused from an elevated continuous point source. Tellus 24, 455e472.
http://dx.doi.org/10.1111/j.2153-3490.1972.tb01572.x.
Cools, N., Wils, C., Hens, M., Hoffmann, M., Deutsch, F., Lefebvre, W., Overloop, S.,
Vancraeynest, L., Vynck, I. Van, 2015. Atmosferische stikstofdepositie en Natura
2000 instandhoudingsdoelstellingen in Vlaanderen. Verkennende gewestelijke
ruimtelijke analyse van de ecologische impact, van sectorbijdragen en van de
bijdrage. Brussel.
Council of the European Union, 1992. Council Directive 92/43/EEC of 21 May 1992
on the Conservation of Natural Habitats and of Wild Fauna and Flora.
Dobben, H.F. Van, Bobbink, R., Bal, D., Van Hinsberg, A., 2012. Overzicht van kriti-
sche depositiewaarden voor stikstof, toegepast op habitattypen en leefgebieden
van Natura 2000.
Erisman, J.W., Galloway, J.N., Seitzinger, S., Bleeker, A., Dise, N.B., Petrescu, a M.R.,
Leach, A.M., de Vries, W., 2013. Consequences of human modiﬁcation of the
global nitrogen cycle. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 368, 20130116.
http://dx.doi.org/10.1098/rstb.2013.0116.
Erisman, J.W., Schaap, M., 2004. The need for ammonia abatement with respect to
secondary PM reductions in Europe. Environ. Pollut. 129, 159e163. http://
dx.doi.org/10.1016/j.envpol.2003.08.042.
European Environment Agency, 2016. European Union Emission Inventory Report
1990e2014 under the UNECE Convention on Long-range Transboundary Air
Pollution (LRTAP). http://dx.doi.org/10.2800/18374.
European Environment Agency, 2014. Effects of Air Pollution on European Ecosys-
tems. http://dx.doi.org/10.1136/bmj.39304.389433.AD.
European Topic Centre on Air and Climate Change, 2006. Long Description of Model
IFDM [WWW Document]. http://pandora.meng.auth.gr/mds/showlong.php?
id¼50.
Ferm, M., 1998. Atmospheric ammonia and ammonium transport in Europe and
critical loads: a review. Nutr. Cycl. Agroecosyst. 51, 5e17. http://dx.doi.org/
10.1023/A:1009780030477.
Fowler, D., Coyle, M., Skiba, U., Sutton, M.A., Cape, J.N., Reis, S., Sheppard, L.J.,
Jenkins, A., Grizzetti, B., Galloway, J.N., Vitousek, P., Leach, A., Bouwman, A.F.,
Butterbach-bahl, K., Dentener, F., Stevenson, D., Amann, M., Voss, M., 2013. The
global nitrogen cycle in the twenty-ﬁrst century the global nitrogen cycle in the
twenty- ﬁrst century. Philos. Trans. R. Soc. B Biol. Sci. 368, 1e13. http://dx.doi.
org/10.1098/rstb.2013.0164.
Grieve, J., 2011. A regional analysis of contraction rate in written Standard American
English. Int. J. Corpus Linguist. http://dx.doi.org/10.1075/ijcl.15.2.01mar.Hertel, O., Geels, C., Frohn, L.M., Ellermann, T., Skjøth, C.A., Løfstrøm, P.,
Christensen, J.H., Andersen, H.V., Peel, R.G., 2013. Assessing atmospheric ni-
trogen deposition to natural and semi-natural ecosystems - experience from
Danish studies using the DAMOS. Atmos. Environ. 66, 151e160. http://
dx.doi.org/10.1016/j.atmosenv.2012.02.071.
Instituut voor Natuur- en Bosonderzoek, 2016. Oppervlakte Natura 2000 [WWW
Document]. https://www.inbo.be/nl/natuurindicator/oppervlakte-natura-2000.
Lefebvre, W., Degrawe, B., Beckx, C., Vanhulsel, M., Kochan, B., Bellemans, T.,
Janssens, D., Wets, G., Janssen, S., de Vlieger, I., Int Panis, L., Dhondt, S., 2013.
Presentation and evaluation of an integrated model chain to respond to trafﬁc-
and health-related policy questions. Environ. Model. Softw. 40, 160e170. http://
dx.doi.org/10.1016/j.envsoft.2012.09.003.
Lefebvre, W., Deutsch, F., 2015. PAS-gebiedsgerichte Analyses: Versie Lente 2015:
Deel I: Methodologie.
Loonen, W., Heuberger, P.S.C., Bakema, A.H., Schot, P., 2006. Application of a genetic
algorithm to minimize agricultural nitrogen deposition in nature reserves.
Agric. Syst. 88, 360e375. http://dx.doi.org/10.1016/j.agsy.2005.06.021.
Loubet, B., Asman, W. a H., Theobald, M.R., Hertel, O., Tang, Y.S., Robin, P.,
Hassouna, M., D€ammgen, U., Genermont, S., Cellier, P., Sutton, M. a, 2009.
Ammonia deposition near hot spots: processes, models and monitoring
methods. Atmos. Ammon. Detect. Emiss. Changes Environ. Impacts. http://
dx.doi.org/10.1007/978-1-4020-9121-6_15.
Moran, P.A., 1948. The interpretation of statistical maps. J. R. Stat. Soc. Ser. B 10,
243e251. http://dx.doi.org/10.2307/2983777.
Odland, J., 1988. Spatial Autocorrelation. Sage Publications.
Ohl, C., Drechsler, M., Johst, K., W€atzold, F., 2008. Compensation payments for
habitat heterogeneity: existence, efﬁciency, and fairness considerations. Ecol.
Econ. 67, 162e174. http://dx.doi.org/10.1016/j.ecolecon.2008.04.011.
Sauter, F., Van Zanten, M., Van der Swaluw, E., Aben, J., De Leeuw, F., Van
Jaarsveld, H., 2016. The OPS-model - Description of OPS 4.5.0.
Schoukens, H., 2017. Nitrogen deposition, habitat restoration and the EU Habitats
Directive: moving beyond the deadlock with the Dutch programmatic nitrogen
approach? Biol. Conserv. http://dx.doi.org/10.1016/j.biocon.2017.02.027.
Simpson, D., Aas, W., Bartnicki, J., Berge, H., Bleeker, A., Dentener, F., Dore, T.,
Erisman, J.W., Fagerli, H., Hertel, O., Jaarsveld, H. Van, Jenkin, M., Schaap, M.,
Semeena, S., Th, P., Vautard, R., Vieno, M., 2011. Atmospheric transport and
deposition of reactive nitrrogen in Europe. Eur. Nitrogen Assess. 298e316.
Staelens, J., Wuyts, K., Adriaenssens, S., Van Avermaet, P., Buysse, H., Van den Bril, B.,
Roekens, E., Ottoy, J.P., Verheyen, K., Thas, O., Deschepper, E., 2012. Trends in
atmospheric nitrogen and sulphur deposition in northern Belgium. Atmos.
Environ. 49, 186e196. http://dx.doi.org/10.1016/j.atmosenv.2011.11.065.
Statistics Belgium, 2016. Kerncijfers 2015-Statistisch Overzicht Van Belgi€e.
Sutton, M. a., Milford, C., Dragosits, U., Place, C.J., Singles, R.J., Smith, R.I.,
Pitcairn, C.E.R., Fowler, D., Hill, J., ApSimon, H.M., Ross, C., Hill, R., Jarvis, S.C.,
Pain, B.F., Phillips, V.C., Harrison, R., Moss, D., Webb, J., Espenhahn, S.E., Lee, D.S.,
Hornung, M., Ullyett, J., Bull, K.R., Emmett, B. a., Lowe, J., Wyers, G.P., 1998.
Dispersion, deposition and impacts of atmospheric ammonia: quantifying local
budgets and spatial variability. Environ. Pollut. 102, 349e361. http://dx.doi.org/
10.1016/S0269-7491(98)80054-7.
Van der Straeten, B., Buysse, J., Nolte, S., Lauwers, L., Claeys, D., Van
Huylenbroeck, G., 2010. A multi-agent simulation model for spatial optimisa-
tion of manure allocation. J. Environ. Plan. Manag. 53, 1011e1030. http://
dx.doi.org/10.1080/09640568.2010.495546.
van Grinsven, H.J.M., Bouwman, L., Cassman, K.G., van Es, H.M., McCrackin, M.L.,
Beusen, A.H.W., 2015. Losses of ammonia and nitrate from agriculture and their
effect on nitrogen recovery in the european union and the United States be-
tween 1900 and 2050. J. Environ. Qual. 44, 356. http://dx.doi.org/10.2134/
jeq2014.03.0102.
Velthof, G.L., Hou, Y., Oenema, O., 2015. Nitrogen excretion factors of livestock in the
European Union: a review. J. Sci. Food Agric. http://dx.doi.org/10.1002/jsfa.7248
n/a-n/a.
Vlaamse Milieumaatschappij, 2016. Luchtkwaliteit in Het Vlaamse Gewest: Jaar-
verslag Immissiemeetnetten 2015.
Vogt, E., Dragosits, U., Braban, C.F., Theobald, M.R., Dore, A.J., Van Dijk, N., Tang, Y.S.,
McDonald, C., Murray, S., Rees, R.M., Sutton, M.A., 2013. Heterogeneity of at-
mospheric ammonia at the landscape scale and consequences for environ-
mental impact assessment. Environ. Pollut. 179, 120e131. http://dx.doi.org/
10.1016/j.envpol.2013.04.014.
Willeghems, G., De Clercq, L., Michels, E., Meers, E., Buysse, J., 2016. Can spatial
reallocation of livestock reduce the impact of GHG emissions? Agric. Syst. 149,
11e19. http://dx.doi.org/10.1016/j.agsy.2016.08.006.
